Abstract. The fertilizer nitrogen (N) inputs to some potted plants such as ornamental cabbage (Brassica oleracea L. var. acephala D.C.) are frequently higher than the actual demand. Optimization of N fertilization rate and selecting N-efficient cultivars are important approaches to increase the nitrogen use efficiency (NUE) and to reduce environmental pollution from nitrate leaching. The aim of this study was to assess the effect of increasing levels of nitrate (0.5, 2.5, 5, 10, or 20 mM of NO 3 L
) in the nutrient solution on plant growth, quality, soil plant analysis development (SPAD) index, chlorophyll fluorescence, leaf pigments, mineral composition, and NUE in five ornamental cabbage cultivars (Coral Prince, Coral Queen, Glamour Red, Northern Lights Red, and White Peacock), grown in closed subirrigation system. 'Glamour Red' and 'Northern Lights Red' needed 3.3 and 2.9 mM of NO 3 L in the supplied nutrient solution, respectively, to produce 50% of predicted maximum shoot dry weight (SDW), whereas the vigorous cultivars Coral Prince, Coral Queen, and White Peacock needed 5.5, 4.7, and 4.3 mM of NO 3 L , respectively. Total leaf area (LA), SDW, SPAD index, N, Ca, and Mg concentrations increased linearly and quadratically in response to an increase of the nitrate concentration in the nutrient solution. Irrespective of cultivars, fertilizing above 10 mM NO 3 L produced high-quality plants (quality index of 5) and resulted in sufficiently high tissue concentrations of N, P, K, Ca, Mg, and Fe.
Ornamental cabbage (Brassica oleracea L. var. acephala D.C.) is a common potted bedding plant all over the World. The ornamental cabbage aesthetic value in particular its attractive colored foliage, make it a very popular annual in the home landscape, especially in the fall and early winter seasons when other plants are senescing (Kushad et al., 2004) . To produce high-quality ornamental plants, nutritional requirements especially N must be established. -N) is the main anion contributing to crop growth (Marschner, 2002) , but also one of the major contributors to horticulturerelated pollution through leaching, particularly in areas where crops are grown in soilless culture with nonrecirculating nutrient solution (Rouphael et al., 2008; Rouphael and Colla, 2009 ). In fact, many ornamental crops grown in greenhouses are fertilized with an excess of N, since farmers are wary of reductions in N application that could result in any yield and quality losses (Glass, 2003; MacDonald et al., 2013) . This practice would avoid any nitrate shortage, but would contribute to wasteful use of N fertilizer and increases in pollution of surface and groundwaters (Martinez et al., 2005) .
To face this challenge, ornamental industry is continually seeking to be environmentally friendly, whereas remaining competitive (MacDonald et al., 2013) . Several strategies have been proposed to improve the NUE of crops including the selection of efficient cultivars (Rathke et al., 2006; Roberts, 2008) . Optimization of N application rate is also crucial for commercial ornamental production. In fact, there is a critical N concentration below which the plants show a limited growth and above which the plant show a luxury consumption leading to environmental pollution and economic losses (Benincasa et al., 2011; Gamrod and Scoggins, 2006; Lemaire and Gastal, 1997) . Moreover, different cultivars vary in their N demands, and consequently they perform best at different N concentrations (Marschner, 2002) . For this reason, the identification of cultivars with high NUE could lead to low environmental impact on agrosystems while maintaining high crop performance (Hirsch and Sussman, 1999; Lynch, 1998; Sorgon a et al., 2006) . Gourley et al. (1994) suggested that ''a well-defined response curve is needed to determine differences in nutrient efficiency.'' This approach allowed an estimation of the maximum yield/ growth (a) and the nutrient concentration necessary for half maximum yield/growth (b). Similar a and different b indicate efficient/inefficient cultivars, whereas different a indicates cultivars with lower/higher genetic potential (Gourley et al., 1994) . These criteria has been successfully applied in herbaceous species in response to phosphate and potassium availability (Gerend as et al., 2008; Gourley et al., 1994) , and also in the evaluation of the genotypic variation in Citrus, melon, and watermelon rootstocks at different nitrate levels (Colla et al., 2010 (Colla et al., , 2011 Sorgon a et al., 2006) .
Despite the importance of ornamental cabbage in floriculture production, few published data are available concerning N efficiency of ornamental cabbage cultivars (Gibson and Whipker, 2003) . Gibson and Whipker (2003) studied the effect of N concentration in ornamental cabbage cv. Osaka white grown outdoors, and observed that fertilizing with 150 to 200 mg · L -1 produced high-quality plants. However, the response of ornamental cabbage to N was only investigated on one cultivar and using three concentration levels, whereas information is lacking concerning the influence of different levels of N including ''low-input'' conditions on different cultivars, especially in soilless culture.
The objective of this study was to assess the effect of increasing levels of nitrate in the nutrient solution on plant growth, quality, SPAD index, chlorophyll fluorescence, leaf pigments, mineral composition, and NUE in five ornamental cabbage cultivars (Coral Prince, Coral Queen, Glamour Red, Northern Lights Red, and White Peacock) grown in closed subirrigation system.
Materials and Methods
Plant materials, growth conditions, and experimental design. Nutrient solution management. The composition of the nutrient solution used in the current experiment was: 1.0 mM P, 2.75 mM S, 4.0 mM K, 1.25 mM Mg, 20 mM Fe, 9 mM Mn, 0.3 mM Cu, 1.6 mM Zn, 20 mM B, and 0.3 mM Mo. Calcium nitrate was added to the nutrient solution to obtain the five nitrate levels (0.5, 2.5, 5, 10, or 20 mM) tested or the five ornamental cabbage cultivars. Furthermore, calcium sulfate was added to the nutrient solution to keep Ca concentration above 5 mM. The pH of the nutrient solution for all treatments was 6.0 ± 0.2. All nutrient solutions were prepared using deionized water. In all treatments nutrient solution was changed once a week to ensure sufficient nutrient for plant growth and to keep nitrate level in solution close to the targeted level.
Nutrient solution was pumped from 15 independent tanks (one tank of 30 L per experimental unit) through a subirrigation system. In the subirrigation system the nutrient solution was pumped at the elevated end of the troughs and allowed to run slowly down the bench past the pots, and the excess was drained back to the tank for later recirculation. Irrigation scheduling was performed using electronic low-tension (LT) tensiometers (LT-Irrometer, Riverside, CA) that controlled irrigation based on substratematric potential (Norrie et al., 1994) . Tensiometers have been placed at about the midpoint of the pots (7 cm depth) Colla, 2005a, 2005b) . In each treatment, three tensiometers were installed, and there were located in different pots to provide a representative reading of the moisture tension. Tensiometers were connected to an electronic programmer that controlled the beginning (-5 kPa) and end (-1 kPa) of irrigation, which correspond to the highand low-tension set points for the major part of the media (Rouphael et al., 2004) . The timing varied from one to six fertigations per day lasting 20-30 min.
Recording, sampling, and analysis. Eightytwo days after transplanting (12 Dec.), a chlorophyll meter (SPAD-502, Minolta corporation, Ltd., Osaka, Japan) was used to take readings from the fully expanded leaves. Twenty leaves per experimental unit were randomly measured and averaged to a single SPAD value for each treatment. On the same date, the chlorophyll fluorescence was recorded on 15 min dark-adapted leaves on six plants per experimental unit (five leaves per plant) by means of a chlorophyll fluorometer Handy PEA (Hansatech Instruments Ltd, King's Lynn, UK) with an excitation source intensity higher than 3000 mmol · m ). The maximum quantum yield of open photosystem II (PSII) (F v /F m ) was calculated as (F m -F 0 )/F m , as described by Arena et al. (2005) .
The leaf pigments (total chlorophyll and carotenoids) were extracted by homogenization of fresh leaf tissues (0.5 g) in acetone (80%). The resulting extracts were centrifuged at 4800 g n for 20 min. The total chlorophyll and carotenoid contents were determined by recording absorbance of the supernatant at 470, 647, and 664 nm by an ultraviolet-Vis spectrophotometer (Perkin Elmer, Norwalk, CT). Formula and extinction coefficients used for the determination of leaf pigments were described by Lichtenhaler and Wellburn (1983) and the content of pigments was expressed in mg · g -1 of fresh weight.
At the end of the experiment, 90 d after transplanting (20 Dec.), plant quality index was rated on a scale of 0 to 5. Plant height and plant diameters were also recorded. Height (H) was measured as the distance from the surface of the medium to the top of the plant, width (diameter, W) as the average of two measurements, one perpendicular to the other. Plant growth index (GI) was calculated as:
The shoot tissues of six plants per plot were dried in a forced-air oven at 80°C for 72 h for biomass determination. Total leaf area (LA) was measured with an electronic area meter (Delta-T Devices Ltd, Cambridge, UK). SDW was plotted as a function of the different nitrate concentrations. Response curves for growth were derived from the relationship between the SDW and the nitrate concentrations in the nutrient solution using the following Michaelis-Menten type equation (Gourley et al., 1994) :
where y indicates the SDW (grams/plant), x is the nitrate concentration (mM) and; a is an estimate of maximum SDW, whereas b represents the nitrate concentration necessary for half maximum SDW. The dried leaf tissues were ground in a Wiley mill to pass through a 20-mesh screen and then 0.5 g of the dried plant tissues were analyzed for the following macro-and micronutrients: N, P, K, Ca, Mg, and Fe. N concentration was determined after mineralization with sulphuric acid according to the ''Kjeldahl method'' (Bremner, 1965) . P, K, Ca, Mg, and Fe concentrations were determined by dry ashing at 400°C for 24 h, dissolving the ash in 1:25 HCl, and assaying the solution obtained using an inductively coupled plasma emission spectrophotometer (ICP Iris; Thermo Optek, Milano, Italy) (Karla, 1998) .The macronutrients were expressed as mg · g -1 dry weight, whereas Fe was reported as mg · g -1 dry weight. Statistical analysis. Analysis of variance of the data was carried out using the appropriate options within SPSS 20 software package (www.ibm.com/ software/analytics/spss). Orthogonal polynomial contrasts were used to compare N fertilization effects (Gomez and Gomez, 1983 ) on selected parameters. The parameters a and b of the MichaelisMenten type equation were estimated by the ''least square'' method of nonlinear regression using SigmaPlot version 11.0 (Systat Software, Inc., Chicago, IL).
Results
Effect of N concentration on biomass response curves. In the current experiment, the Michaelis-Menten equation was used to describe the functional relationships between total SDW and nitrate concentrations in the nutrient solutions (Fig. 1) . This nonlinear equation has been adopted because the coefficients of this function can be interpreted in a simple and straight-forward fashion, unlike those of polynomials. In analogy to the enzyme kinetics the nitrate concentration required to produce 50% of the predicted SDW (b) corresponds to K m in MichaelisMenten kinetics and usually describes the curvature of the graph. Therefore, b is considered a good indicator of the sensitivity of a species/cultivars to reduced nutrient supply.
Except for 'Glamour Red', SDW response curves of 'Coral Prince', 'Coral Queen', 'Northern Lights Red', and 'White Peacock' produced a coefficient of determination (R 2 ) greater than 0.95 (Table 1 ). Significant differences among ornamental cabbage cultivars were recorded on a values with the lowest values observed in both 'Glamour Red' and 'Northern Lights Red' (average 10.7 g/plant). Similarly, b values were significantly influenced by cultivars with the lowest value observed in 'Northern Lights Red' (Table 1) . Moreover, the less vigorous cultivars (lower a values),Glamour Red and Northern Lights Red, needed 3.3, and 2.9 mM of NO 3 -, respectively, to produce 50% of predicted maximum SDW, whereas the vigorous cultivars (higher a values),Coral Prince, Coral Queen, and White Peacock, needed 5.5, 4.7, and 4.3 mM of NO 3 -, respectively (b values in Table 1 ).
Growth and plant quality. Increasing the nitrate concentration in the nutrient solution from 0.5 to 20 mM caused linear and quadratical increases for the leaf area values, whereas the leaf number increased only linearly (Table 2) . Moreover, when averaged over N concentration in the nutrient solution, the lowest leaf number at the end of the growing cycle was recorded in 'Coral Queen' (Table 2) .
Total leaf area (LA) and plant GI of 'Glamour Red' increased linearly and quadratically in response to an increase of the N concentration in the nutrient solution, while a linear increase was observed in 'Coral Prince', 'Coral Queen', 'Northern Light Red', and 'White peacock' (N · G interaction, data not shown). When averaged over cultivar, the quality index values of ornamental cabbage cultivated at 0.5, 2.5, 5, 10, and 20 mM NO 3 -were 1.5, 2.8, 3.5, 5.0, and 4.0, respectively. Moreover, a positive linear correlation (r = 0.96**) was observed between SDW and quality index.
Leaf pigment content, SPAD index, and fluorescence measurement. No significant differences among treatments were observed for the total chlorophyll (average 618.7 mg · g -1 fresh weight) and carotenoids contents (average 85.6 mg · g -1 fresh weight). Increasing the nitrate concentration from 0.5 to 20 mM caused linear and quadratical increases in the SPAD values, whereas only a quadratical increasing was observed for the maximum quantum use efficiency of PSII measured as the F v /F m ratio (Table 3) . Moreover, when averaged over the N concentration, the SPAD index decreased with cultivars in the following order: Northern Lights Red > Coral Queen > Coral Prince > Glamour Red = White Peacock (Table 3) .
Mineral composition. The macronutrient and iron concentrations as influenced by N level and cultivar treatments are displayed in Table 4 . The concentration of N in leaves increased linearly and quadratically with the increase of nitrate level in the nutrient solution. Moreover, increasing the nitrate concentration in the nutrient solution from 0.5 to 20 mM caused quadratical increases of P, K, and Fe concentrations, whereas the concentrations of the two bivalent cations (i.e., Ca 2+ and Mg 2+ ) increased linearly. Irrespective of N concentration, the lowest N and Fe concentrations were observed in 'Coral Queen', whereas the lowest concentrations of Ca and Mg were recorded in 'Northern Lights Red' (Table 4) .
Discussion
Optimizing of N fertilizer is essential for producing high-quality ornamental plants , where y indicates the SDW, x is the nitrate concentration, a indicates maximum SDW, whereas b represents the nitrate concentration at half maximum SDW. Vertical bars indicate ± SE of means, their absence indicates the size was less than the symbol. (Wilson et al., 2010) . Ornamental cabbage growth parameters were very responsive to N concentration. For instance, the leaf number and GI increased linearly with increasing N concentration while the final leaf area and the SDW increased especially quadratically with increasing N concentration up to 10 mM, reaching a plateau, thereafter, showing luxury consumption of the nutrient at 20 mM. This was consistent with the findings of Mak and Yeh (2001) and Kent and Reed (1996) who observed that the optimum N fertilization rate for some bedding plants like New Guinea impatiens 'Barbados' (Impatiens ·hawker), and peace lilly cvs. 'Petite' and 'Sensation' (Spathiphyllum Schott) ranged between 8 and 10 mM, whereas shoot growth declined more gradually above 10 mM N, reaching -50% at 30 mM N. Similarly, Gamrod and Scoggins (2006) demonstrated that the largest plants of persian shield (Strobilanthes dyerianus Mast.), based on leaf area and SDW, were produced with 300 mg · L -1 ; above this concentration (i.e., 400 mg · L -1 ) the plant shows a luxury consumption. Finally, Dole et al. (1994) found that Poinsettia (Euphorbia pulcherrima Willd. Ex. Klotzsch) grew most rapidly at 175 mg · L -1 , and growth declined at higher fertilizer rates. Evaluation of the quality index of plant material at the end of the growing cycle indicates an optimal concentration of 10 mM, whereas ornamental cabbage grown at <2.5 mM NO 3 -negatively affected the aesthetic quality of the plants. Moreover, the GI increased linearly as nitrate concentration increased with the highest values recorded at 10 and especially at 20 mM.
The functional relationship between the SDW and the nitrate concentration of the nutrient solution (from 0.5 to 20 mM) using the Michaelis-Menten equation, allows ornamental cabbage cultivars to be discriminated according to their NUE by the estimate of a and b indices. In agreement with Sorgon a et al. (2006), Colla et al. (2010 Colla et al. ( , 2011 ornamental cabbage cultivars showed that the SDW response curves to increasing nitrate availability were best described by a nonlinear function, where shoot biomass increased with the increase in nutrientsolution nitrate level up to a plateau that indicated the genetic potential of the various cultivars (Fig. 1 ). In the current experiment, a values of SDW were significantly different, showing differences in genetic potential among the five cultivars. 'Coral Prince', 'Coral Queen', and 'White Peacock' exhibited the highest a s value (more vigorous cultivars), whereas 'Glamour Red' and 'Northern Lights Red' had the lowest values (less vigorous cultivars). The ''equivalent yield/growth'' of genotypes when the nutrients are nonlimiting are essential to design the crop as nutrient efficient or inefficient (Gourley et al., 1994) . Assuming this principle, 'White Peacock' and 'Northern Lights Red' could be considered efficient in nitrate use (low b) among the more and less vigorous cultivars, respectively. The variation for NUE between cultivars could be expected because the genotypes affect both the use of absorbed N and the N uptake since each cultivar has its own morphological and functional characteristics for leaves and roots (Schenk, 2006; Thorup-Kristensen and Van der Boogard, 1999) .
The SPAD measurements (foliar greenness) showed a similar trend to the SDW with respect to nitrate concentration in the nutrient solution. The SPAD values increased mostly linearly indicating that ornamental cabbage cultivars were able to accumulate chlorophyll in leaves by increasing N concentration in the nutrient solution. Ornamental cabbage cultivars exhibited a variation of leaf SPAD index as results of different genetic capability to synthesize chlorophyll and other pigments. Similarly to the SPAD index, the F v /F m that is used as an indicator for the degree of photoinhibition in PSII (van Kooten and Snel, 1990) decreased under N deficiency. N stress likely decreases the capacity of protein synthesis, photo damaged PSII centers could not be repaired sufficiently, and consequently photoinhibition would occur (Godde and Hefer, 1994; Lima et al., 1999) .
Leaf N concentration increased dramatically with increasing N levels. Ornamental cabbage plants supplied with 5 to 20 mM NO 3 -had leaf concentration ranging from 36.5 to 43.7 mg · g -1 as recommended for ornamental cabbage and kale (35.0-45.0 mg · g -1 ; Whipker et al., 1998) . Similarly, the P, K, Ca, and Mg concentrations increased with increasing nitrate level from 0 to 20 mM with the highest values recorded above 10 mM. Moreover, the leaf macronutrient concentrations in all treatments were within the optimum ranges as recommended by Whipker et al. (1998) . Finally, tissue nutrient concentrations varied greatly among the cultivars indicating variation in nutrient requirements (Whipker et al., 1998) . 'Coral Queen' showed the lowest leaf concentration of N and Fe, whereas the lowest leaf concentration of bivalent cations (Ca and Mg) was recorded in 'Northern Lights Red'.
Conclusions
The progressive application of nitrate in the nutrient solution from 0.5 to 20 mM significantly affected the growth and plant quality of ornamental cabbage. Leaf number, leaf area, SPAD index, F v /F m , and SDW increased with increasing nitrate concentration up to 10 mM, reaching a plateau, showing luxury consumption of nitrate at 20 mM. The results also indicated that the selection of plant cultivars having a low N requirement is important to increase NUE. 'Northern Lights Red' needed less NO 3 -in the nutrient solution to reach half maximum SDW, and could be considered the highest nitrate efficient cultivar. However, 'White Peacock' was the most efficient cultivar in N use (lower b value) among the more vigorous cultivars (Coral Prince, Coral Queen, and White Peacock). 
